Highly cubic phase and stoichiometric boron nitride films were deposited on Si(100) substrates using a neutralized nitrogen beam and electron beam evaporation of boron. High intensity, focused, and low-energy neutralized nitrogen beam was supplied using a newly developed neutralizer atomic beam ion source (NABS) adapted to a Kaufman-type ion source. The films were grown at substrate temperatures in the range 400-500 "C and a boron evaporation rate of 0.2 A/s. Infrared transmittance spectra of the films showed that a highly cubic phase (80%) was obtained in the area of the focused beam. These films were compared to those obtained using similar conditions but with the NABS disconnected from the ion source, and it was found that the cubic phase content decreases drastically (10%). The results show that the NABS was the determining factor in enhancing the formation of the cubic boron nitride films. Furthermore, the addition of Ar to N, which is reported to increase the momentum transfer and promote the formation of the cubic phase, did not play a significant role when the NABS was used.
Highly cubic phase and stoichiometric boron nitride films were deposited on Si(100) substrates using a neutralized nitrogen beam and electron beam evaporation of boron. High intensity, focused, and low-energy neutralized nitrogen beam was supplied using a newly developed neutralizer atomic beam ion source (NABS) adapted to a Kaufman-type ion source. The films were grown at substrate temperatures in the range 400-500 "C and a boron evaporation rate of 0.2 A/s. Infrared transmittance spectra of the films showed that a highly cubic phase (80%) was obtained in the area of the focused beam. These films were compared to those obtained using similar conditions but with the NABS disconnected from the ion source, and it was found that the cubic phase content decreases drastically (10%). The results show that the NABS was the determining factor in enhancing the formation of the cubic boron nitride films. Furthermore, the addition of Ar to N, which is reported to increase the momentum transfer and promote the formation of the cubic phase, did not play a significant role when the NABS was used.
The formation of boron nitride films via the simultaneous use of nitrogen ion beam bombardment and boron deposition has been extensively reported in the literature.le6
The reason for the growing interest in using this technique was that the energetic ions impinging on the growing surface played an essential role in the synthesis of cBN. It is also reported that in ion assisted processes, the use of broad beam ion source is known to improve adhesion of the films to the substrates and increase the density of nucleation sites.7 The ion beam also tends to reduce the tensile stress present in the growing films. Furthermore ion beam techniques provide easy control of deposition parameters, particularly the arrival rate ratio of boron to nitrogen (B/N) during film deposition. However with all these advantages, very few experimental results, in which high cubic phase of boron nitride films on silicon is present, are reported. In fact most films grown via ion assisted deposition contain a large amount of hexagonal boron nitride (hBN) and are not structurally homogeneous.7 The adhesion of cBN films on Si was poor and these films peeled off the substrate with time (some time just after growth). Some cBN films had a tendency to be nitrogen deficient due to nitrogen ions irradiated diffusing out from the near-surface layer,6 since with these low-energy ion beams, the penetration depth of nitrogen in the film is very shallow. Hence, the irradiated region of the target condenses to a nitrogen deficient material resulting in nonstoichiometric, boron-rich films. To limit the nitrogen out diffusion, one may increase the ion energy, but damage and formation of defects in the film will occur and impede the formation of the cubic phase. In fact, it was recently reported that the use. of low energy was effective for the formation of cubic boron nitride, and an ion acceleration voltage below 1 kV was most effective.5 More recently, a near stoichiometric BN composition was achieved by increasing the beam current (up to *)Author to whom correspondence should be addressed. 100 mA).' The films obtained had almost a single cl3N phase. However, a further increase in the beam current (200 mA) led to an entirely amorphous film with a small amount of cubic phase content. Similar results were observed when the beam energy was increased (up to 700 eV). The author also studied the effect of the substrate bias potential and it was found that -50 V was needed to obtain a single cubic phase. It appears from these recent results that more than one parameter needs to be optimized in order to grow highly cubic phase boron nitride films on silicon. Furthermore, the optimized value of beam energy, 500 eV, may not be high enough to release the internal stress of the film in order to make the film more adhesive to the substrate. In fact, peeling of the films from the Si was reported in the above mentioned work. ' This letter reports on the use of a new neutralizer atomic beam source (NABS) developed by Ionwerks and capable of delivering a high flux, low-energy, and focused neutralized nitrogen beam. This technique will greatly focus and enhance the flux density (increase the amount of nitrogen arriving to the substrate to compensate for any nitrogen out diffusion from the film and influence the internal stress) while significantly reducing the neutral beam energy (reduce sputtering and defect formation in the film and increase uniformity and homogeneity of the film).
A schematic diagram of the experimental apparatus is shown in Fig. 1 . The NABS was fitted onto a 3 cm single grid Kaufman-type ion source and can be easily removed in order to perform experiment with the ion source only.
l-in.-diam Si(lOOj n-type wafers were degreased using standard solvents and etched for 1 min in a buffered HF solution. The substrates were thermally cleaned in situ at 850 "C for 5 min. The substrate temperature was maintained in the range of 400-500 "C during film deposition. Bombardment of the sample was done using either pure nitrogen gas or nitrogen mixed with argon. The Ar/Na ratio was varied from 0 (3 sscm N,, 0 sscm Ar) to 75% (0.5 sscm N,, 1.5 sscm Ar) by changing the mixture ratio of nitrogen to argon gas fed into the ion source, while keeping a constant pressure of 3 X 10m4 Torr in the ion source chamber. The base pressure in the growth chamber was 4X10-* Ton which rose to 1X10m5 Torr during film deposition. Boron (99.9% purity) was evaporated from an electron beam evaporator with a rate maintained at 0.2 &s. Due to difficulties in controlling the boron evaporation rate, the latter was constantly measured and checked during deposition using a quartz thickness monitor located above the substrate. The structural characterizations and in particular the cubic phase content of boron nitride films were mainly analyzed by Fourier transform infrared (FTIR) spectroscopy. The film thickness and stoichiometry (B/N ratio) were determined using electron probe microanalysis (EPMA). The adhesion strength and morphology of the films were checked using SEM. An attempt to analyze the crystalline structure of the films was made using x-ray diffractometer (XRD) analysis but the intensities were rather weak and not conclusive. Figures 2(a) and 2(b) show the EVER absorption spectra measured for films deposited using the NABS to deliver focused, neutralized nitrogen beam using a 50:50 Ar/Na ratio. The beam energy, the beam current, the substrate temperature, and the boron rate were 450 V, 30 mA, 500 "C, and 0.2 &s, respectively. Figure 2 (a) represents the spectrum of the film outside the focused area whereas Fig. 2(b) represents the spectrum of the film inside the focused area. A spectrum of the blank Si substrate was subtracted from that of a BN sample in order to eliminate the sharp absorption peak due to Si-0 vibration at 1000-l 100 cm-l. It is seen that the film outside the focused area is hexagonal (absorption at 1400 cm-' only) whereas inside the focused area the film is predominantly cubic (strong absorption at 1090 cm ') with a cubic phase content as high as 80%. The latter was estimated using the infrared absorption intensities of the peaks at 1400 (hexagonal phase) and 1090 cm-' (cubic phase):
where TC and I,, represent the relative peak height at 1090 and 1400 cm-', respectively. Table I shows that B/N ratio of the film, determined using EPMA, is near unity (B/N=1.04) inside the focused area and a deficient nitrogen film (B/N IS00 1600 1400 I200 1000 800 600
FIG. 2. FTIR spectra of BN films deposited outside (a) and inside (b) the focused area of the beam. Films were deposited using 50:50 Ar:Na gas mixture, 450 V beam voltage, a boron deposition rate of 2 rim/s,, and substrate temperature of 500 "C.
=1.97) outside the focused area. This result shows that the NABS was capable of delivering a very high nitrogen flux and create the right condition to promote the cubic boron nitride phase. Outside the focused area where the NABS is not effective, deficiency in nitrogen atom is the 'result of nitrogen out-diffusion from the deposited film which led to the formation of hexagonal boron nitride film. Poor adhesion of cubic nitride films on Si substrates is common and widely rep0rted.s The adhesion strength of our films was checked using SEM micrograph and there was no evidence of peeling. SEM pictures revealed flat and featureless surface and the films are still attached to the substrate even after a few months. A further evidence of such adhesion is given in Fig. 3 , showing the FTIR spectrum of the sample as in Fig. 2 but taken after 2 months.
Figure 4(a) shows a FTIR spectrum taken from films grown using similar growth conditions as those mentioned previously but with pure nitrogen fed to the ion source. A highly cubic phase (70%) is revealed inside the focused area. The results show that Ar [ Fig. 4(b) ], which is reported to enhance the formation of the cubic phase,sV9 did not seem to play a major role. From Table I , it is also shown that the stoichiometry of the film is near unity. It seems that the NABS plays a similar role than Ar and has a strong influence on the formation of the cubic phase. Kester and Messier4 observed that there was a very close parallel between the film being cubic phase and a high level of compressive stress in ' the tilm. They suggested that although the cubic nitride film had a very high stress level, there were not very adherent to the substrate because the stress was not released, as it would be in other thin materials, including hBN films. Since our films were very smooth and adherent to Si even after few months, we suggest that the NABS could create the right condition to release the stress due to the large amount of neutral nitrogen arriving at the substrate even though lowenergy ions were used. In order to investigate further the influence of the NABS 0' 1800 1600 1400 1200 1000 800
FfG. 4. FTIR spectra of films deposited using similar growth conditions as in Fig. 2 on the cubic boron nitride phase formation, tilms were grown under same conditions as previously mentioned bui with the NABS disconnected from the ion source. Figures 5(a) and 5(b) show the FTIR spectra taken using such films. It is shown that the fihrrs were mainly hexagonal. Figure 5 (b) is the FTIR spectrum for films grown using a 30% Ar/N* ratio and there is an apparent effect of Ar on the formation of the cubic phase. The effect of Ar is not as strong as it is reported in the literature probably due to the low ion beam current used.
In conclusion, we have reported cubic and stoichiometric boron nitride films grown on Si(lO0) substrates at 500 "C using using a new technique to deliver a high flux, focused, low energy neutralized beam. This neutral beam was a key parameter in producing the right amount of nitrogen at the substrate surface and the condition necessary to promote the formation of the cubic phase of boron nitride films.
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